The paper presents the results of a numerical evaluation of limiting sensitivity of the method for detecting vapors of nitrocompounds in the atmosphere based on one-color laser fragmentation
Introduction
The laser fragmentation/laser-induced fluorescence (LF/LIF) method considered in this work was first proposed by Rodgers et al. [1] for the in situ detection of atmospheric trace gases. The essence of the method is to use the photodissociation effect of optically inactive molecules to form characteristic fragments that are highly efficient in the LIF process. The method has found wide application for remote detection of various nitro-based compounds [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Schematically, the LF/LIF process for any nitrocompound (Nc) can be represented as a sequence of photochemical reactions:
NO(X, v > 0) + hν → NO(X, v ) + hν f ; (4) NO(A, v ) + Q k 8
→ NO(X, v ) + Q * ; (5) NO(X, v > 0)
where k i are the reaction rate constants.
Electronically excited Nc* molecules that arise during reaction (1) after absorption of a photon with an energy hν, significantly exceeding the dissociation threshold, have enough, or excess, energy to dissociate into fragments. For an excited polyatomic molecule, there are several paths (channels) of fragmentation. For example, in case of photodissociation of nitrobenzene (NB) under excitation at wavelengths between 220 nm and 280 nm, the most probable are the following channels of dissociation with the formation of NO 2 , NO, and O [4] :
It is known that in the excited state in the nitrobenzene molecule, a break and a redistribution of bonds between atoms occur, leading to the isomerization of the molecule and its transformation into phenyl nitrite, followed by breaking of the C-ONO, O-NO, and NO-O bonds and formation of the NO 2 , NO, and O fragments [4, 6] . An alternative channel for the formation of NO 2 competing with the nitro-nitrite rearrangement in the nitrobenzene molecule is the process of radical separation of the NO 2 group by direct breaking of the C-N bond [22] . The nitro-nitrite rearrangement mechanism has a much lower activation enthalpy than the energy of the C-N bond breaking, which allows us to suggest that nitro-nitrite rearrangement can be one of the main channels for the decomposition of aromatic nitrocompounds.
Studies of laser-stimulated fragmentation of nitrotoluene (NT) and dinitrotoluene (DNT) [23, 24] showed that all isomers of these molecules have the same main fragmentation channels as nitrobenzene. However, in the case of ortho-isomers, an additional channel with the formation of OH was observed [22, 24, 25] :
For DNT, the maximum yield of OH is observed when both NO 2 groups are in the ortho position relative to the methyl group (2, . The appearance of the hydroxyl radical is explained by the intramolecular migration of the hydrogen atom from the methyl group to the oxygen atom of the nitro-group, followed by the breaking of the N-OH bond [22] .
Reaction (3), in turn, describes the process of photodissociation of NO 2 fragments formed during reaction (2) , and their decomposition into NO (X 2 Π) and O ( 3 P) fragments. Dissociation of the NO 2 molecule becomes energetically possible for the fragmentation radiation wavelengths shorter than 398 nm [26] . In this case, the shape of the absorption spectrum of the NO 2 molecule in this wavelength range acquires characteristic diffuseness, indicating the presence of predissociation.
The NO fragments that appeared during reactions (1) and (3) of the fragmentation process can obviously serve as markers for nitrocompounds and form the basis for constructing a method for detecting molecules of nitrocompounds in the atmosphere. Several approaches are known in the implementation of the LF/LIF method for detecting molecules of nitrocompounds that differ in the ways of excitation of fluorescence of NO fragments (4). However, since the fragmentation process is not selective, the same radiation source is often used to fragment the molecules and to excite fluorescence of NO fragments (one-color LF/LIF). The choice of a specific excitation scheme is substantiated mainly by the need for selective excitation of fluorescence of NO fragments, without involving ambient nitrogen oxide in the interaction. Otherwise, the sensitivity of the method in a real atmosphere will be significantly limited.
A variety of spectroscopic effects associated with the violation of thermodynamic equilibrium in the fragmentation process and a significant redistribution of populations of vibrational-rotational states of NO fragments allows use of several schemes for the excitation of fluorescence of NO fragments. It is assumed that the excess energy of the electronic excited state over the R-NO bond dissociation energy, that arises after the bond is broken, partially goes to the excitation of vibrational states of the NO molecule. According to the data of [10] , the ratio of the populations of vibrational levels v" = 0, 1, 2, 3 of the ground state of NO fragments resulting from the photolysis of nitrobenzene by radiation in the 226-259 nm range, is approximately (v" = 0):(v" = 1):(v" = 2):(v" = 3) = 1:0.3:0.1:0.02. In the photolysis of o-nitrotoluene in the 220-250 nm range, the relative vibrational populations are (v" = 0):(v" = 1):(v" = 2) = 1:0.6:0.06 [27] . This ratio is similar to those obtained for DNB [11] and DNT [13] photodissociation, indicating generation of significant numbers of NO fragments in vibrationally excited states.
Note that for ambient NO in thermodynamic equilibrium, the population of vibrational levels obeys the Boltzmann distribution and at a temperature of 300 K, the populations of the four lower levels have the following relation (v" = 0):(v" = 1):(v" = 2):(v" = 3) = 1:10 −4 :10 −8 :10 −12 . Obviously, the distribution function of the population of NO fragments over the vibrational levels of the ground state differs significantly from the Boltzmann one, and this difference can be used for the selective excitation of NO fragments. The presence of excited vibrational states in NO fragments is manifested in their absorption spectra, where additional bands appear, the intensity of which is several orders of magnitude higher than that for ambient NO. Under unfavorable conditions, the concentration of NO molecules in the atmosphere can reach 100 ppb, and it is obvious that this will determine the sensitivity limit of the LF/LIF method upon excitation of fluorescence of NO fragments from the zero vibrational level X 2 Π (v" = 0). When fluorescence is excited from overlying vibrational levels X 2 Π (v" > 0) and taking into account the ratio of the populations of vibrational states of atmospheric NO ((v" = 0):(v" = 1):(v" = 2):(v" = 3) = 1:10 −4 :10 −8 :10 −12 ), it becomes possible to significantly increase the sensitivity of the detection method and ensure its noise immunity.
On the other hand, one should not forget that in the real atmosphere, in addition to nitrogen monoxide, nitrogen dioxide is present, which, depending on the situation, can have a rather high concentration (1-100 ppb). During photofragmentation, NO 2 molecules, as well as other nitrocompounds, will supply NO fragments that can participate in the LIF process (4), being a source of noise that reduces the sensitivity of the LF/LIF method:
The results of studies of the photodissociation of a NO 2 molecule in the ultraviolet wavelength range were considered in [28, 29] . It was shown that the distribution of NO fragments over vibrational states during fragmentation of the NO 2 molecule is inverted. The population of vibrational levels is significant up to the value of the vibrational quantum number v" = 8. From the point of view of participation in the LF/LIF process, atmospheric nitrogen dioxide is an analog of the nitrocompound supplying NO fragments, which in the detection method based on the LF/LIF, are indicators of the presence of nitrocompound vapors in the atmosphere. Obviously, the concentration of atmospheric nitrogen dioxide will largely determine the sensitivity threshold of the LF/LIF method. That is why the task of determining the value of this threshold and finding ways to reduce it is a key task in the development of the LF/LIF method.
In order to determine the potential of the one-color LF/LIF method for detecting nitrocompound vapors in a real atmosphere, a limiting sensitivity of the method was numerically evaluated taking into account the process of fragmentation of atmospheric nitrogen dioxide (12) . Nitrobenzene and ortho-nitrotoluene were chosen as the studied nitro-based compounds. These molecules are of interest as the simplest models of more complex nitrocompounds (e.g., nitro-group containing explosive molecules). The calculations were performed using a mathematical model of the process of the one-color laser fragmentation of nitrocompounds and laser-induced fluorescence of NO fragments via
Model of the One-Color LF/LIF Process
The features of the photodissociation of nitrobenzene and nitrotoluene discussed above were taken into account when constructing the kinetic model of the one-color LF/LIF process. To visualize the mechanism of laser fragmentation of nitrocompound molecules followed by laser excitation of fluorescence of the vibrationally excited NO (X 2 Π, v" = 2) fragments, we will depict all possible processes as a sequence of transitions in a generalized energy level diagram of the nitrocompound molecule, its main fragments-NO and NO 2 molecules-as well as molecules of ambient NO 2 (Figure 1 ).
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The features of the photodissociation of nitrobenzene and nitrotoluene discussed above were taken into account when constructing the kinetic model of the one-color LF/LIF process. To visualize the mechanism of laser fragmentation of nitrocompound molecules followed by laser excitation of fluorescence of the vibrationally excited NO (X 2 Π, v" = 2) fragments, we will depict all possible processes as a sequence of transitions in a generalized energy level diagram of the nitrocompound molecule, its main fragments-NO and NO2 molecules-as well as molecules of ambient NO2 (Figure 1 ). The model considers a set of molecules involved in the LF/LIF process as a nine-level system with the ground (terms E0, E5, and E7) and dissociative (terms E1, E6, and E8) states for the molecules of nitrocompound, NO2 fragments, and ambient NO2, respectively, and with vibrational levels of the molecule NO-E2 (X 2 Π(v" ≠ 2)), E3 (X 2 Π(v" = 2)), and E4 (A 2 Σ + (v' = 0)). The LF/LIF process is represented by a sequence of inter-and intramolecular transitions with the corresponding rate constants ki.
We take into account that according to [4, 22] , the main channels for the dissociation of nitrobenzene and ortho-nitrotoluene under the action of radiation with a wavelength of 248 nm are channels with the formation of NO2-and NO fragments:
A part of the NO fragments for both nitrobenzene (14) and nitrotoluene (16) is formed rapidly, while the remaining part is formed more slowly [22] . According to the estimates for both nitrocompounds, the approximate fraction of "fast" (φ) and "slow" (1 − φ) fragments of their total number is 0.7 and 0.3, respectively.
According to [22] , the ratio of the number of "informative" NO and NO2 fragments is [NO]/[NO2] = 0.26 ± 0.12 for nitrobenzene and [NO]/[NO2] = 0.3 ± 0.12 for o-nitrotoluene. We also take into account the participation in the LF/LIF process of atmospheric nitrogen dioxide molecules, which are the source of "false" NO fragments. The model considers a set of molecules involved in the LF/LIF process as a nine-level system with the ground (terms E 0 , E 5 , and E 7 ) and dissociative (terms E 1 , E 6 , and E 8 ) states for the molecules of nitrocompound, NO 2 fragments, and ambient NO 2 , respectively, and with vibrational levels of the molecule NO-E 2 (X 2 Π(v" 2)), E 3 (X 2 Π(v" = 2)), and E 4 (A 2 Σ + (v = 0)). The LF/LIF process is represented by a sequence of inter-and intramolecular transitions with the corresponding rate constants k i .
We take into account that according to [4, 22] , the main channels for the dissociation of nitrobenzene and ortho-nitrotoluene under the action of radiation with a wavelength of 248 nm are channels with the formation of NO 2 − and NO fragments:
A part of the NO fragments for both nitrobenzene (14) and nitrotoluene (16) is formed rapidly, while the remaining part is formed more slowly [22] . According to the estimates for both nitrocompounds, the approximate fraction of "fast" (ϕ) and "slow" (1 − ϕ) fragments of their total number is 0.7 and 0.3, respectively.
According to [22] , the ratio of the number of "informative" NO and NO 2 fragments is [NO]/[NO 2 ] = 0.26 ± 0.12 for nitrobenzene and [NO]/[NO 2 ] = 0.3 ± 0.12 for o-nitrotoluene. We also take into account the participation in the LF/LIF process of atmospheric nitrogen dioxide molecules, which are the source of "false" NO fragments.
According to the diagram (Figure 1 ), in the process of radiation absorption, the nitrocompound molecule transfers from the ground state E 0 to the dissociative state E 1 and then, it decomposes into NO and NO 2 fragments. Here, α is the fraction of NO fragments of the total number of fragments formed and (1 − α) is the fraction of NO 2 fragments. In turn, as a result of the radiation absorption, NO 2 fragments and ambient NO 2 molecules undergo transitions E 5 → E 6 and E 7 → E 8 , respectively, followed by dissociation into NO fragments. The quantum yield of the NO 2 photodissociation is assumed to be unity [26] .
In this case, a nonequilibrium population of vibrational levels of NO fragments arises. Let us denote the relative population of NO fragments formed during fragmentation of the nitrocompound and nitrogen dioxide molecules with respect to the E 3 level by the constants β and γ, respectively. Then, for the relative population with respect to other vibrational levels, conditionally combined into one level E 2 , we have the values (1 − β) and (1 − γ), respectively. Depletion of the E 3 level occurs both due to collisional quenching of vibrational excitation by atmospheric components with a rate constant k 32 (transition E 3 → E 2 ), and due to the transition of the NO molecule to the electronically excited state E 4 as a result of radiation absorption. Relaxation of the E 4 level to the ground state is possible both as a result of a radiative transition with a rate constant k r , and due to a nonradiative transition with a rate constant k nr , which determines the fluorescence quenching factor.
In view of the foregoing, we write the system of kinetic equations describing the LF/LIF process in the framework of the nine-level model under consideration in the following form:
The values of coefficients in the system of equations are given in Table 1 . [30] absorption cross section of NO 2 molecule σ NO2 , 10 −18 cm 2 0.009 [30] 0.009 [30] absorption cross section of NO molecule σ NO , 10 −18 cm 2 0.56 1 0.56 1 weight coefficient α 0.21 [22] 0.23 [22] weight coefficient β 0. [22] nonradiative transition rate constant NO (X 2 Π(v" = 2)) → NO (X 2 Π(v" = 0, 1)) 1 Calculated. 2 The value estimated according to [22] . 3 F is the photon flux density.
The solution of the system of kinetic equations was found numerically using the MATLAB software package. The solutions found make it possible to trace the dynamics of the LF/LIF process and evaluate the efficiency of pulsed excitation.
The function N 4 (t) allows estimation of the total number of photons spontaneously emitted by a unit volume of a model medium per unit solid angle as:
Here, τ g ≥ τ + 1/k nr is the detection time and τ is the laser pulse duration.
Results and Discussion
The fluorescence signals (the center wavelength is 226.5 nm, and the FWHM is 1 nm) of informative NO fragments of nitrocompounds S NC and the fluorescence of noise NO fragments of ambient nitrogen dioxide S NO2 were calculated according to Equation (26) . Figure 2 shows the family of lines corresponding to the ratio S NC /S NO2 = 1 and determining the maximum detectable concentration of the nitrocompounds [Nc] th as a function of the concentration of atmospheric nitrogen dioxide [NO 2 ] at given radiation energy density w. The calculations were performed for a rectangular laser pulse duration of τ = 20 ns. To estimate [Nc]th at given values of [NO2] and w, the following approximation function was obtained:
where [Nc]th and [NO2] are expressed in ppb; w-mJ/cm 2 ; the dimensionless parameters A, B1, B2, and C are presented in Table 2 . As can be seen from the figures, in the range of concentrations [NO2] up to 10 ppb, the maximum detectable concentrations of nitrobenzene and o-nitrotoluene vapors [Nc]th are of parts-per-billion-level, while in the case of o-NT, the value of [Nc]th is about three times higher than that for NB under the same conditions. A study of the dynamics of the photodissociation process showed that this difference is due to the different rates of reaction (1) for the selected nitrocompounds. As a result, the total number N3(t) of vibrationally excited NO(X 2 Π, v" = 2) fragments formed during the laser pulse will also be different (Figure 3) . 
where [Nc] th and [NO 2 ] are expressed in ppb; w-mJ/cm 2 ; the dimensionless parameters A, B 1 , B 2 , and C are presented in Table 2 . As can be seen from the figures, in the range of concentrations [NO 2 ] up to 10 ppb, the maximum detectable concentrations of nitrobenzene and o-nitrotoluene vapors [Nc] th are of parts-per-billion-level, while in the case of o-NT, the value of [Nc] th is about three times higher than that for NB under the same conditions. A study of the dynamics of the photodissociation process showed that this difference is due to the different rates of reaction (1) for the selected nitrocompounds. As a result, the total number N 3 (t) of vibrationally excited NO(X 2 Π, v" = 2) fragments formed during the laser pulse will also be different (Figure 3 ). For a quantitative assessment, we use the ratio of the total number of NO fragments formed during the pulsed photolysis of nitrobenzene and o-nitrotoluene (shaded areas in Figure 3 ):
which is 2.96 at τ = 20 ns and w = 10 mJ/cm 2 and agrees well with the ratio [NB]th/[NT]th = 3.09 (see Figure 2 ). As can be seen from Figure 3 , in case of pulsed photolysis of nitrocompound molecules, the process of fragmentation continues even after the removal of optical excitation. The maximum concentration of NO fragments is achieved over a time tmax several times greater than the fragmentation pulse duration of 20 ns. This is explained by the fact that complex organic molecules usually do not directly dissociate when light is absorbed in the region of spectral maxima. A large number of closely located electronic states, and many vibrational modes, leads to an increase in the probability of nonradiative transitions: internal conversion and intersystem crossing. Time required for the energy concentration on the breaking bond (bonds) can be several orders of magnitude longer than, for example, the interval 10 -13 s required for the dissociation of a diatomic or triatomic molecule [22, 32] .
It is quite obvious that the one-color approach of implementing the LF/LIF method, in which the fragmentation of the nitrocompound molecules and excitation of their NO fragments occurs in a single laser pulse of duration τ < tmax, does not allow achievement of the maximum efficiency of the LF/LIF process, although it has some attractiveness due to the relative ease of implementation. From the point of view of increasing the overall efficiency of the LF/LIF process and achieving the maximum sensitivity of the method, the two-pulse method of LF/LIF excitation is of interest [35, 36] .
Conclusions
The results obtained in the course of the work indicate a significant effect of ambient nitrogen dioxide as a limiter of the sensitivity of the LF/LIF method when detecting nitrocompound vapors in a real atmosphere. Using nitrobenzene and o-nitrotoluene as an example, it is shown that if the concentration of nitrogen dioxide in the atmosphere does not exceed 10 ppb, the maximum detectable vapor concentrations of nitrobenzene and o-nitrotoluene are several ppb.
As the calculation results show, due to the inertia of the decomposition mechanism of the nitrocompound molecules into fragments, the process of formation of the latter under pulsed action continues after the removal of optical excitation. The maximum concentration of NO fragments is For a quantitative assessment, we use the ratio of the total number of NO fragments formed during the pulsed photolysis of nitrobenzene and o-nitrotoluene (shaded areas in Figure 3) :
which is 2.96 at τ = 20 ns and w = 10 mJ/cm 2 and agrees well with the ratio [NB] th /[NT] th = 3.09 (see Figure 2 ). As can be seen from Figure 3 , in case of pulsed photolysis of nitrocompound molecules, the process of fragmentation continues even after the removal of optical excitation. The maximum concentration of NO fragments is achieved over a time t max several times greater than the fragmentation pulse duration of 20 ns. This is explained by the fact that complex organic molecules usually do not directly dissociate when light is absorbed in the region of spectral maxima. A large number of closely located electronic states, and many vibrational modes, leads to an increase in the probability of nonradiative transitions: internal conversion and intersystem crossing. Time required for the energy concentration on the breaking bond (bonds) can be several orders of magnitude longer than, for example, the interval 10 -13 s required for the dissociation of a diatomic or triatomic molecule [22, 32] .
It is quite obvious that the one-color approach of implementing the LF/LIF method, in which the fragmentation of the nitrocompound molecules and excitation of their NO fragments occurs in a single laser pulse of duration τ < t max , does not allow achievement of the maximum efficiency of the LF/LIF process, although it has some attractiveness due to the relative ease of implementation. From the point of view of increasing the overall efficiency of the LF/LIF process and achieving the maximum sensitivity of the method, the two-pulse method of LF/LIF excitation is of interest [35, 36] .
As the calculation results show, due to the inertia of the decomposition mechanism of the nitrocompound molecules into fragments, the process of formation of the latter under pulsed action continues after the removal of optical excitation. The maximum concentration of NO fragments is achieved over a time several times greater than the standard fragmentation pulse duration of 10-20 ns. This allows us to conclude that the one-color method does not allow maximum efficiency of the LF/LIF process to be achieved. From the point of view of increasing the efficiency of the LF/LIF method, the time-separated two-pulse laser action on the nitrocompound molecules and their NO fragments is undoubtedly attractive. The results of the experimental studies [35, 36] show that this approach allows one to increase the sensitivity of the method by about an order of magnitude.
